This article was downloaded by: [24.125.229.88]

On: 05 July 2014, At: 07:54

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Aerosol Science and Technology

AEROS(0L. Publication details, including instructions for authors and subscription information:

_ SCIENCE http://www.tandfonline.com/loi/uast20
AN TECHMOLIMG Y

Development and Evaluation of a Compact Facility for
Exposing Humans to Concentrated Ambient Ultrafine
Particles

Chandan Misra # , Philip M. Fine ® , Manisha Singh # & Constantinos Sioutas

& Civil and Environmental Engineering , Los Angeles, California
Published online: 17 Aug 2010.

To cite this article: Chandan Misra , Philip M. Fine , Manisha Singh & Constantinos Sioutas (2004) Development and Evaluation
of a Compact Facility for Exposing Humans to Concentrated Ambient Ultrafine Particles, Aerosol Science and Technology,
38:1, 27-35, DOI: 10.1080/02786820490247605

To link to this article: http://dx.doi.org/10.1080/02786820490247605

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained

in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any

form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions



http://www.tandfonline.com/loi/uast20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786820490247605
http://dx.doi.org/10.1080/02786820490247605
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [24.125.229.88] at 07:54 05 July 2014

Aerosol Science and Technology, 38:27-35, 2004
Copyright © American Association for Aerosol Research
ISSN: 0278-6826 print / 1521-7388 online

DOI: 10.1080/02786820490247605

Wit

Development and Evaluation of a Compact Facility
for Exposing Humans to Concentrated Ambient

Ultrafine Particles

Chandan Misra, Philip M. Fine, Manisha Singh, and Constantinos Sioutas

Civil and Environmental Engineering, University of Southern California, Los Angeles, California

This article presents the development and evaluation of a very
compact facility for exposing humans to concentrated ambient ul-
trafine particles (d, < 0.15 pm). The human ultrafine particle con-
centrator (UFPC) operates at an intake flow rate of 1200 liters
per minute (LPM). The concentrator is preceded by an ultrafine
impactor which separates the accumulation mode from ultrafine
mode particles under a very low pressure drop (1.5 kPa), a fea-
ture that is essential in enabling human inhalation studies of ul-
trafine concentrated ambient particulates (CAP). A key feature of
the UFPC is a new cooling system, consisting of a programmable
refrigerated circulator, which produces the supersaturation that
is necessary to grow ultrafine PM to supermicrometer sizes so
that they can be concentrated by means of conventional virtual
impaction. The new cooling system allows for entirely automated
operation of the UFPC. The UFPC was characterized in field ex-
periments, in which the concentration enrichment of ultrafine par-
ticles was determined based on their number and mass concen-
tration as well as on chemical composition including elemental
carbon (EC), inorganic ions (sulfate and nitrate), and polycyclic
aromatic hydrocarbons (PAH). Tests were conducted at minor-to-
total flow ratios varying from 2.5-5% (hence at minor flow rates
between 30-60 LPM). Measurements with the scanning mobility
particle sizer (SMPS) showed a near-ideal increase in number con-
centrations (corresponding to the ratio of total-to-minor flow rate)
of ultrafine particles after enrichment. The concentration enrich-
ment was uniform across the entire particle diameter range of 15-
660 nm. Similar results were obtained for EC and PAH concentra-
tions (measured by an Aethalometer). Time-integrated filter-based
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tests, conducted to characterize the system for ultrafine PM mass
and inorganic ion concentrations showed that the average enrich-
ment factor was very close to the ideal values, indicating near-
perfect collection efficiency with minimal particle losses.

INTRODUCTION

Atmospheric ultrafine particles (defined in this study as hav-
ing diameters less than 0.15 um) either are formed by gas-
to-particle conversion processes, in which hot supersaturated
vapors undergo condensation upon being cooled to ambient tem-
peratures, or are directly emitted as products of incomplete com-
bustion processes (Finlayson-Pitts and Pitts 1986). Although the
mass fraction of the ultrafine mode is negligible, this size range
contains the highest number of ambient particles as well as the
highest total surface area. Because of their increased number
and surface area, ultrafine particles are particularly important in
atmospheric chemistry and environmental health.

Toxicological and epidemiological evidence linking respira-
tory health effects and exposures to ultrafine particles has been
increasing over the last several years. Recent epidemiological
studies (Heyder et al. 1996; Peters et al. 1997) demonstrated
a stronger association between health effects and exposures to
ultrafine particles compared to accumulation mode or coarse
particles. Toxicological studies by Donaldson et al. (1998) and
Oberdoerster et al. (1992) indicated that ultrafine particles ex-
erted a stronger physiological effect than the same mass of coarse
or fine particles. A recent study by Li et al. (2003) indicated that
ultrafine PM were most potent towards inducing cellular heme
oxygenase-1 (HO-1) expression and depleting intracellular glu-
tathione, both sensitive markers for oxidative stress, compared
to concurrently collected accumulation and coarse mode PM.
The same study showed that ultrafine particles, and to a lesser
extent fine particles, localize in mitochondria where they induce
major structural damage.

The pulmonary toxicity of ultrafine particles has also been
demonstrated in several controlled laboratory exposure studies.
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Oberdoster et al. (1992) have shown that apparently “inert” dusts
consisting of ultrafine particles can be highly toxic to the lung be-
cause of interstitial access across the alveolar epithelium where
they interact with macrophages. It is conceivable that, when sub-
jected to a high ultrafine particle number concentration, “over-
load” may occur, in which the alveolar macrophages themselves
cause injury to the lungs by releasing excessive quantities of
oxygen radicals, proteases, and certain proteins (Oberdoerster
et al. 1992). Other investigators have suggested that ultrafine
particles coated with neutralized strong acids may, upon deposi-
tion, cause tissue damage due to their acidity (Ferin et al. 1991).
In addition, acids or catalytic metals on the surfaces of irritant
particles can be more efficiently transferred to the lungs by ul-
trafines than by an equal mass of larger particles. This is both
because of the larger surface area-to-mass ratio inherent in the
smaller particles and because the ultrafines have a higher de-
position efficiency in the alveolar region. Finally, investigators
have suggested that trace metals distributed widely throughout
the lung on ultrafine particles could catalyze the formation of
oxidants within the lung, which in turn produce tissue damage
(Ghio et al. 1996; Dreher et al. 1997).

In order to conduct the first ever studies of the health effects
of real-world ultrafine particles on humans, we developed the

ambient ultrafine PM concentrator (UFPC). The concentrator
will be used to provide ultrafine PM at concentrations suffi-
cient to perform inhalation toxicology studies designed to test
hypotheses regarding the effects of spatial, seasonal, and com-
positional differences of ultrafine particles in the development
or aggravation of cardiopulmonary diseases. These differences
stem from the wide range of sources and formation mechanisms
of ultrafine PM in the Los Angeles Basin as well as changing
meteorological conditions, all of which produce highly variable
diurnal and seasonal patterns of ultrafine PM (Kim et al. 2002;
Fine et al. 2003).

MATERIALS AND METHODS

Description of the UFPC

The design of the UFPC is shown schematically in Figure 1.
The particle concentration principle of the UFPC is similar to
that of previously developed, smaller scale concentrators (Kim
et al. 2001a, b) but with many significant design and opera-
tional improvements, including the design of the saturators and
condensers that produce the condensational growth of ultrafine
PM, the intake and output flows, and the overall concentration
enrichment factor for ultrafine PM.
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Figure 1. Schematic of the ultrafine particle concentrator (UFPC) for human exposure.
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The major components of the UFPC include, (1) an ultra-
fine impactor to separate ultrafine from the accumulation mode
PM, (2) 4 rectangular saturators (stainless steel containers), each
30 x 15 x 40 cm in size, (3) 12 parallel condensers, (4) 12 vir-
tual impactors, and (5) 12 diffusion driers. The UFPC operates
at a total sampling flow rate of 1200 LPM. Ambient aerosol
is first drawn through a high-flow, low-pressure drop inertial
impactor with a 50% cutpoint of 0.15 um developed by Misra
et al. (2002) to remove accumulation mode particles. Removal
of these particles makes it possible to examine the effects of
ultrafine particles only. As it will be illustrated in the results
and discussion sections of this article, the present system could
also be used as a very effective concentrator for PM; s, in which
case the 0.15 um impactor is replaced by a 2.5 um commer-
cially available impactor (PM; s High-Volume Sampler, Model
TE-6070-2.5-HVS Mass Flow Control, Tisch Environmental,
Cleves, OH, 45002). The ultrafine PM is then split into 4 satu-
rators. In each saturator, the aerosol passes over a pool of warm,
ultrapure, deionized water and the air becomes saturated at about
30-32°C. The water in each container is kept at this temperature
by means of quartz immersions heaters (Model EW-03124-30
Immersion heater, Cole-Parmer Instrument Company, Vernon
Hills, IL). Each heater produces a maximum heating output of
0.5 kW, which is adequate to heat and saturate at least 300 LPM
of air (one-quarter of the total intake flow of the concentra-
tor). The heating output of each immersion heater is adjusted
by means of a voltage regulator. Following the saturators, the
aerosol is drawn through 12 condensing tubes placed in paral-
lel. In each condenser, the aerosol is cooled from 32°C to about
22°C, and the resulting supersaturation allows ultrafine particles
to grow to supermicron size. The grown particles are then drawn
through 12 virtual impactors connected in parallel and identical
to that already used in our prototype ultrafine concentrator de-
scribed by Kim et al. (2001a). The design of the saturators and
the cooling system, which includes use of a voltage-controlled
quartz heating rod for the saturation process and a programmable
refrigerated circulator for cooling the condensers (discussed in
a subsequent section), represents a major improvement in the
UFPC over the originally developed ultrafine concentrators.

The minor-to-total flow ratio of each virtual impactor can be
varied from 2 to 5% of the intake flow, thus the 12-virtual im-
pactor ensemble supplies to the exposure chamber an ultrafine
aerosol at a flow rate ranging from 24 to 60 LPM, enriched in
concentration ideally by a factor of 50 to 20, respectively. Once
concentrated, the particles pass through 12 diffusion dryers in
parallel (each connected to the minor flow of one virtual im-
pactor) to remove the excess water and return the particles to
their original relative humidity and temperature conditions (and
thus return them to their original size), prior to entering the expo-
sure chamber. The concentration levels can be further adjusted
by mixing the particle-enriched air stream with particle-free air.
The additional air flow is especially necessary in exposures dur-
ing which a subject exercises, thereby breathing at inhalation
flows of 30-50 LPM compared to the 12-18 LPM inhalation

flow at rest (Lippmann 1977). These exposures require a lower
concentration enrichment level because the increase in breath-
ing rate compensates for the lower concentration. The entire
UFPC system has been placed inside a mobile trailer so that
human exposure can be conducted in several locations in order
to take advantage of the varying characteristics of ultrafine PM
as mentioned above.

Description of Cooling System for the UFPC

In our original ultrafine concentrator prototypes (Kim et al.
2001a, b), the cooling media in the condensers was a mixture
of ice, salt, and water, cooling the aluminum sampling lines in
a commercially available Coleman cooler. For the development
of the larger scale UFPC Human Exposure Facility, it became
imperative to devise a new cooling method, which would be
self-sustaining, require minimum maintenance, and, very im-
portantly, would provide much more uniform cooling over the
entire length of the condensing tubes. Towards that goal, we em-
ployed two refrigerated circulating chillers rated at 900 Watts
maximum cooling capacity each (Programmable Refrigerated
Circulator, Model 9710, Polyscience, Niles, IL). Each chiller
was chosen to provide sufficient cooling load to accommodate
600 LPM of air (thus for 6 of the 12 condenser tubes of the
UFPC). Each of the 12 condensing tubes consisted of two con-
centric tubes made of stainless steel, with internal diameters
of 2.54 cm (inner tube) and 5 cm (outer tube) and a length of
80 cm. The condensing tubes were placed vertically on top of
the saturators, as shown in Figure 1. The chillers circulated the
coolant, a mixture of ethylene glycol and water in a ratio of 1:1,
through the condensers. The total coolant flow through each of
the condensers is about 2 LPM and can be controlled using a
valve. Each condenser tube was insulated on the outside of the
steel shell with commercially available polyethylene insulation.

The grown aerosol leaves the condensing tubes and imme-
diately enters the virtual impactors. These virtual impactors are
the same as those described by Kim et al. (2001a) and were de-
signed to have a 1.8 um 50% cutpoint at an intake flow rate of
105 LPM, under a pressure drop of at 110” H,O (27 kPa) across
the major flow. The pressure drop in the minor (or concentrated)
flow is minimal (i.e., less than 0.2 kPa).

The performance of the Model 9710 refrigerated circulator
was evaluated in order to determine whether the circulator was
able to provide an optimum and, very importantly, a stable tem-
perature for the growth of particles over a prolonged period of
time, thus achieving a steady-state coolant temperature circulat-
ing through the condensers. The evaluation was performed by
using one of the Model 9710 circulators to cool six condensers
(corresponding to a flow of 600 LPM) in the UFPC. Each of
the 6 condensers was followed by a virtual impactor at its out-
let, where the grown ultrafine particles were concentrated. The
minor flow of each virtual impactor was connected to a diffu-
sion dryer, and the flow from all six diffusion dryers was then
merged into one minor flow (of 30 LPM). The performance of
the circulator was then evaluated by periodically checking the
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enrichment in terms of particle number concentration measured
before and after the concentrator by means of a Condensation
Particle Counter (CPC, Model 3022A, TSI Inc., St. Paul, MN).
The circulator reservoir temperature was also recorded periodi-
cally. The saturator temperature in these experiments was main-
tained at 28—-30°C. The coolant flow rate in these experiments
was set at 2 LPM per condenser in order to provide adequate
residence time in the circulator reservoir for cooling.

Field Characterization of the UFPC

Following the evaluation of the cooling system, the perfor-
mance of the UFPC was field tested using real-world ambient
Los Angeles aerosols during the period of May—August 2002.
Measurements of concentration-enriched ultrafine aerosols were
compared to direct ambient measurements made with a scan-
ning mobility particle sizer (SMPS; Model 3936, TSI Inc., St.
Paul, MN). Three 15 min average ambient aerosol concentra-
tions were first measured by the SMPS. The SMPS was then
connected downstream of the ultrafine concentrator and imme-
diately upstream of the exposure chamber and three additional
15 min readings were taken. Repeated runs were conducted by
switching the SMPS back and forth between the ambient air and
the outlet of the UFPC. Tests were conducted at minor flows ra-
tions of 2.5, 3.3, and 5%, which correspond to ideal enrichment
factors of 40, 30, and 20, respectively. With the exception of the
5% minor flow configuration, for which concentration enrich-
ment was determined for the entire SMPS particle size range (15
to 650 nm), the UFPC was preceded by the 0.15 um cutpoint
impactor and thus no data are presented for particles larger than
this mobility diameter. In addition to the particle size distribu-
tion measurements, an Aethalometer (Model AE-21 (UV+BC),
Thermoandersen, Smyrna, GA) was also used to measure con-
centration enrichment factors based on ultrafine PM elemen-
tal carbon (EC) and certain polycyclic aromatic hydrocarbons
(PAHs) concentrations. The latter compounds are measured by
means of optical absorption at 370 nm in the near ultraviolet.
Many aromatic organic species have strong absorbance at this
wavelength, and the UV channel of the instrument corresponds
very strongly to such PAHs as those present in tobacco smoke,
fresh diesel exhaust, and wood smoke. The experimental pro-
cedure was otherwise identical to that described above for the
SMPS measurements. The instrument was connected upstream
of the UFPC (right after the 0.15 wm impactor) for measuring the
ambient concentrations of ultrafine EC and PAHs. Then it was
connected downstream of the UFPC diffusion driers for taking
measurements of the enriched aerosol. Repeated measurements
were conducted by switching the Aethalometer back and forth
in between ambient and concentrated aerosol.

In addition to the continuous monitoring procedures described
above, the UFPC was characterized in time-integrated experi-
ments, in which ultrafine PM was collected on 47 mm Teflon
filters (PTFE Teflon, 2 um pore, Gelman Science Ann Arbor,
MI) placed before and after the UFPC. The sampling flows were
30 LPM for both filters and were purposely matched in order to

eliminate the potential effects of adsorption and volatilization
artifacts, which depend greatly on the filter face velocity (Appel
et al. 1984; Zhang and McMurry 1987). A total of 12 such ex-
periments were performed, all at a minor-to-total flow ratio of
5% (i.e., minor flow of 60 LPM), thereby corresponding to an
ideal enrichment factor of 20. The Teflon filters were weighed
before and after each experiment in a temperature and relative
humidity-controlled room to determine mass concentrations of
ambient and concentrated ultrafine aerosols. Subsequently, the
filters were extracted with a mixture of 5 mL of deionized water
and 0.15 mL ethanol and the concentrations of inorganic particle-
bound ions (nitrate and sulfate) were measured for ambient and
concentrated PM by means of ion chromatography.

RESULTS AND DISCUSSION

Evaluation of the Cooling System

The result of the evaluation of one of the Model 9710 Refrig-
erated Circulators is provided in Figure 2. The minor flow of the
virtual impactors was 30 LPM (i.e., 5% of the major flow of a
600 LPM system), corresponding to an ideal enrichment of 20.
The average enrichment factor obtained for the data presented
in Figure 2 is 19.42 (£1.55), which is almost identical to the
ideal value. This value corresponds to the average of all the en-
richment values recorded every 15 min using the CPC for the
entire length of the 150 min experiment, longer than a typical
exposure which lasts about 2 h in the current experimental de-
sign. The data in Figure 2 also indicate that the temperature of
the circulator reservoir reached a steady-state value of —10.4°C
after 120 min of the experiment. These results demonstrate that
each of the two Model 9710 circulators have sufficient cooling
power to cool 6 condensers (corresponding to a total aerosol flow
of 600 LPM) over long periods of time (well in excess of the
2 h needed in the current scheme). Thus, the applicability and
robustness of the new cooling system was confirmed and two
circulators are employed to provide adequate cooling to operate
the UFPC at 1200 LPM.
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Figure 2. Performance of the UFPC using Model 9710 circu-
lator (Ideal Enrichment Factor = 20).
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Field Evaluation of the UFPC

The results of the complete field evaluation of the UFPC are
shown in Figures 3-9. First, particle number-based enrichment
for different minor flow ratios, as measured by an SMPS for
ultrafine PM, is presented in Figure 3. The minor flows in these
experiments were 60, 40, and 30 LPM, corresponding to the
minor-to-total flow ratios of 5, 3.3, and 2.5%, respectively. The
major flow was adjusted to keep the total flow at 1200 LPM
for each minor flow. The enrichment values are averaged over
three measurements and were obtained by dividing the parti-
cle number concentration values for a particular particle size in
the enriched aerosol by the corresponding value in the ambient
aerosol. As evident from the figure, the overall enrichment value
for the minor-to-total flow of 5% was around 19.11 (£1.43), thus
very close to the ideal value of 20. A very important observation
made for this minor flow was the ability of the UFPC to concen-
trate particles to as low as 15 nm (which represents the minimum

particle diameter detected by our SMPS) by a factor of 19-20.
For the minor-to-total flow ratios of 3.3 and 2.5%, the measured
overall concentration enrichment values were 29.5 (£2.2) and
39.6 (£1.8), respectively, for the particle range between 15 to
180 nm. These were again almost identical to the ideal values of
30 and 40. The data plotted in Figure 3 suggest that the concen-
tration enrichment decreases as the particle mobility diameter
decreased below 20 nm for the 2.5% and 3.3% minor flow ratio
configurations. This decrease may be due to possible inhomo-
geneities in the condensers, causing saturated air to be exposed
to different supersaturation ratios, some too small to activate the
smaller particles. The decrease could also be occurring due to
diffusion losses of the smaller particles, which would be com-
pounded by lower flow rates. Another possibility may be that
particles smaller than 20 nm grow to a size either close to or
slightly smaller than the cutpoint of the virtual impactors. Also,
as the minor-to-total flow ratio decreases, particle capturing ef-
ficiency of the virtual impactors may be decreasing around the
50% cutpoint due to an overall increase of the cutpoint diam-
eter with decreasing minor-to-total flow ratio (Loo and Cork
1988). Clearly, the produced supersaturation is sufficient to ac-
tivate even these very small particles, as evident from the fact
that they do become concentrated, and at a 5% minor-to-total
flow ratio their enrichment is near its ideal value.

Overall, the data presented in Figure 3 show that the enrich-
ment values obtained for different minor-to-total flow ratios cor-
respond to the maximum obtainable enrichment values. These
results unequivocally indicate that the desired enrichment is ob-
served for ultrafine particles with minimal losses, implying that
no particle coagulation occurred during the enrichment process.
If coagulation had occurred, the measured number concentra-
tions after enrichment would have dropped.

In addition to the tests performed above, the aerosol size dis-
tribution was also measured before and after enrichment for the
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Figure 4. Size distribution for ambient and concentrated aerosol using UFPC (minor-to-total flow ratio = 5%).
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Figure 5. Measurements of ambient and enriched concentrations of EC and PAHs versus time (minor-to-total flow ratio = 5%).

minor-to-total flow ratio of 5% (corresponding to an enrichment
of 20) on the basis of particle mobility diameter. Figure 4 shows
the concentration enrichment as a function of particle mobility
diameter obtained by measuring the size distributions of am-
bient aerosols upstream of the concentrator and immediately
downstream of the diffusion dryers of the concentrator with the
SMPS. The data in Figure 4 establish that the size distribution
was well preserved during the concentration enrichment pro-
cess. The number of median diameter and geometric standard
deviation for the ambient aerosol are 96.7 nm and 2.0, respec-
tively, which are almost identical to the values of 96.9 nm and
2.1 obtained for the concentrated aerosol. These results con-

10000 ———
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>
[=1]
(=]

firm that drying by diffusion returns the concentrated droplets
to their original size with minimal distortion of the size distri-
bution. This also indicates that the process of growth occurred
without any coagulation, which would also have distorted the
size distribution.

The data for EC and PAHs measurements are presented in
Figures 5-7 corresponding to the minor flows of 60, 40, and
30 LPM. The experimental procedure was identical to that de-
scribed above for the SMPS measurements, i.e., the Aethalome-
ter was connected upstream of the UFPC (right after the 0.15 um
impactor) and downstream of the UFPC, and repeated measure-
ments were conducted. The enrichment values calculated from
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Figure 6. Measurements of ambient and enriched concentrations of EC and PAHs versus time (minor-to-total flow ratio = 3.3%).
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Figure 7. Measurements of ambient and enriched concentrations of EC and PAHs versus time (minor-to-total flow ratio = 2.5%).

these figures correspond to the average ratio of the higher con-
centrations obtained for the enriched aerosol to the lower am-
bient concentrations observed between two successive 15 min
measurements. The data recording period of the Aethalometer
during these measurements was 5 min. The intermediate values
in between the higher and lower observed concentrations repre-
sent a 5 minute period covering a combination of sampling en-
riched and ambient aerosol, and thus these data were not used in
calculating the enrichment factors. As the data plotted in Figures
5—7 indicate, a near-ideal enrichment was observed for all the mi-
nor flows. The average EC enrichment was 19.55 (£2.5), 28.9

300

250 -~ - - - . S

(£0.67), and 42.5 (£4.1) corresponding to the minor-to-total
flow ratios of 5, 3.3, and 2.5%, respectively. The Aethalometer
PAH signal showed enrichments of 16.7 (£0.22), 25.1 (£1.86),
and 38.21 (£3.52) corresponding to the minor-to-total flow ra-
tios of 5, 3.3, and 2.5%, respectively. This demonstrates that the
UFPC can concentrate hygroscopic (EC) and some semivolatile
constituents of the ambient aerosol such as PAHs by near-ideal
enrichment factors.

In addition to the measurements made by the SMPS and
Aethalometer described above, time-integrated filter-based mea-
surements were also performed to evaluate the performance of
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Figure 8. Comparison of ambient and enriched ultrafine PM mass concentration for a minor-to-total flow ratio of 5%.
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Figure 9. Comparison of ambient and enriched ultrafine nitrate and sulfate mass concentration for a minor-to-total flow ratio of

5%.

the UFPC. As described earlier, one 47 mm Teflon filter (2 um
pore, PTFE Teflon, Gelman Science, Ann Arbor, MI) was placed
upstream of the concentrator’s saturators, immediately down-
stream of the 0.15 um impactor, and the other filter was placed
downstream of the diffusion dryers of the UFPC (i.e., at the out-
let of the concentrator). All filters were sampling at a flow of
30 LPM. The mass, sulfate, and nitrate concentrations of en-
riched and ambient ultrafine aerosol are compared in Figures 8
and 9, respectively. Ammonium sulfate is a hygroscopic con-
stituent of the ambient aerosol, while ammonium nitrate, in ad-
dition to being hygroscopic, is also semivolatile in nature. The
average enrichment factors were found to be 18.3, 20.6, and
17.8 for ultrafine PM mass, sulfate, and nitrate, respectively.
These results are very close to ideal enrichment, indicating near-
perfect collection efficiency with minimal particle losses even
for semivolatile (and hygroscopic) species like ammonium ni-
trate. This observation is of significance since ammonium nitrate
is one of the main constituents of ambient aerosol and, when it is
heated during the saturation, process, losses due to volatilization
may be possible. However, these results establish that no such
losses occurred during saturation, and the UFPC can concentrate
ammonium nitrate by near-ideal enrichment. These results are
further supported by the study conducted by Chang et al. (2000),
which showed the losses due to volatilization are actually de-
creased by the concentration enrichment process.

SUMMARY AND CONCLUSIONS

An ultrafine particle concentrator (UFPC) for human expo-
sures was developed and evaluated. The UFPC is capable of
concentrating particles up to 40 times ambient concentrations
while preserving particle size distributions, thereby enabling

toxicological and human clinical studies which were hereto-
fore impossible. Removal of particles above 0.15 pum (if desir-
able) is achieved by passing the air through an inertial impactor
with 50% cutpoint at 0.15 um, which allows for exposures to
only ultrafine particles. The concentration enrichment process
is accomplished by first growing ultrafine PM to supermicron
size (a size that can easily be concentrated using a virtual im-
pactor) by means of supersaturation/condensation, followed by
virtual impaction. The concentrated ultrafine particles are re-
duced to their original size distribution by passing through dif-
fusion dryers containing silica gel prior to entering the exposure
chamber.

The UFPC was evaluated for particle enrichment by taking
particle size distribution measurements of the concentration-
enriched ultrafine aerosol and comparing them to direct ambient
measurements. Results indicated ideal enrichment could be ob-
tained for all of the minor flows ratios and that the concentrator
could enrich the particles by the desired factor while preserving
particle size distributions.

Measurement of concentrated and ambient ultrafine PM was
also performed using an Aethalometer to test for enrichment
of EC and PAHs. The average EC enrichment observed was
19.55 (£2.5), 28.9 (£0.67), and 42.5 (£4.1), corresponding to
the minor-to-total flow ratios of 5, 3.3, and 2.5%, respectively,
while the PAHs were enriched by factors of 16.7 (£0.22), 25.1
(£1.86), and 38.21 (£3.52). Time-integrated tests in which the
concentration enrichment was determined based on ultrafine PM
mass as well as nitrate and sulfate indicated a near-ideal enrich-
ment with the average ratio of enrichment factor being 18.3,
20.6, and 17.8 for ultrafine PM mass, sulfate, and nitrate, re-
spectively. Thus, field experiments indicated that the concen-
tration enrichment process is not affected by particle size and
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chemical composition, at least for particles larger than 0.02 ©m
in diameter.

The development of particle concentrator technologies has
fundamentally changed the research into the casual factors as-
sociated with exposure to PM. Historically investigators had to
use ambient concentrations to conduct studies, and this reality
made it difficult to identify and quantify dose-response relation-
ships and to determine the underlying mechanisms of the health
effects associated with PM exposure. The UFPC moves research
on ambient air exposures into the realm of mechanistic stud-
ies, which previously could only be addressed using artificial
laboratory-generated aerosols, which clearly lack the complex-
ity of the ambient aerosol. We thus believe that this technological
advance will have long-term significance in identifying the bases
for health effects from exposure to PM.
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